The use of roof-mounted PV photovoltaic panels on building roofs is commonplace.
Introduction
The National Oil & Gas Authority (NOGA) in Bahrain initiated a pilot project to investigate the optimum design criteria and requirements of installing rooftop solar system on typical Government built social housing system -referred to in this paper as type T8 Ministry of Housing (MoH) design. The economics of this initiative was initially determined based on the LCOE which can be realistically achieved in Bahrain, with the launching of Bahrain's "National Renewable Energy Action Plan" (NREAP). The focus of the pilot project was to quantify accurately the cumulative government benefits in terms of "energy avoided" from thermal plants, the quantification of gas saving and the carbon emissions. Phase 1 of this pilot project is presently being commissioned at the time of writing this paper, while phase II is presently underway in the tendering and evaluation stage. Different locations have been chosen to implement the pilot, and various PV technologies will be tested in the different phases. During the course of the project, further investigations were initiated between NOGA and the University of Bahrain to quantify the added benefits of enhancing energy efficiency due to rooftop shading and concrete slab heat penetration shielding. Although these investigations are far from being a fully comprehensive exercise, the results are encouraging, and therefore the team decided to share them regionally, through this publication.
Photovoltaic systems (PV) are widely used for the production of electricity. The performance of PV installations is commonly measured by the annual energy yield at the specific location of the installation, which constitutes the active role of the panels. Nonetheless, when these are used in architecture, as in appended to buildings, they might have added passive roles in the overall energy efficiency equation. Passive effects may contribute to the energetic and thermal performances of buildings. As far as the team is aware, the role of shading from direct solar radiation has not yet been studied in the MENA region. Nevertheless, in the Gulf, this effect might be substantial due to the hot climate and particularly the wide use of flat concrete roof slab and could be potentially relevant.
Several heat mitigation strategies for roofs of building are documented in the specialized literature. Roofs that use such strategies are commonly called 'cool roofs'.
Cool roofs use materials and components characterized by high reflectance and consequently the roof surface only reaches a slightly higher temperature than the environment. Several cool roof solutions have been documented and their performance measured. Cool paint (albedo roofs) and mass/reflective insulation are passive cool roof strategies [1] . Other passive solutions that contribute to reduce heat-gain and therefore energy load for cooling are roof ventilation and green roofs [1] .
The effects of cool paint on flat concrete roofs was studied on nine different types of houses in Florida, Unites States, resulting on 19% average savings on the energy consumption of air-conditioners (varying between 2% and 42%) [2] . Cool paint, when applied to one non-residential building with a high ratio of roof surface to building volume (a vulnerability in terms of heat gain/loss through roof) in a Mediterranean climate, resulted in savings of 54% of cooling energy demand as a consequence of a decrease of roof surface of 20 ∘ , during the summer [3] . The degradation of the reflectivity over time of solar exposure has a negative effect on the performance of cool paint [2] ; furthermore, reflective surfaces tend to be wet due to slow heating surfaces [2] .
Ventilated roof components have an air gap between outward and inward layers.
A six centimetre air gap reduced daily heat gain during the summer by 56%, reaching 68% with additional radiant heat barrier [4] , in a study in Greece. The optimum air gap for roofs with 30-90o inclinations is 10 cm [1] . However, ventilated roofs can be structurally challenging, they require cautious design considerations as the outer layer needs to be sturdy enough to resist various wind forces, but cannot exceed the load bearing capacity of the main roof [1] . Green roofs consist of a planting cover. A rooftop lawn reduced the peak air temperature in a concrete building by 3-4o C in the summer in Japan [5] .
Polyethylene insulation, when added to a roof can mitigate heat exchange. Adding a 2.5 cm thick layer of polyethylene insulation on a scaled concrete roof resulted in a reduced roof soffit temperature by 9o C [6] . Prototype thermal performance measured in laboratory has suggests that a combined application of aluminum reflector along with polyethylene insulation offered a significant heat flux reduction compared with other non-insulated roof prototypes [1] .
A detailed understanding of the building physics of local buildings, within the local climate, is paramount for the local population to maintain high levels of thermal comfort while following industry standards [7] . Experimentation with known techniques, such as those briefly described above, as well as new ones, created to the specificities of the region, can lead to more efficient, less energy demanding buildings. Such architectural efforts could complement urban planning ones [8] .
Regional Background
The Government of Bahrain approved the mechanism of "Net-Metering" to support the expansion of renewable energies in the total energy equation in Bahrain. The
Minister of Electricity and Water Affairs issued the National Order no. 2 for the year 2017 published on December 28th, 2017 in the official Gazette issue number 3346, paving the way forward for the expansion of distributed renewable energy particularly solar energy in Bahrain. Another study [9] has reported considerable benefits of the introduction of a feed-in tariff (FIT) as an alternative support for distributed renewable energy in Bahrain. The Government is actively pursuing the option of "Tendered based Feed in Tariff" for Government owned solar rooftops. Furthermore, it seems logical that a spatially distributed production could offer resilience to the electrical grid.
Bahrain has a large and expanding stock of four-bedroom "social housing" -semidetached houses, such as the typical contemporary model T8 developed by the Ministry of Housing, which is the object of this paper. The annual energy consumption of such units was quantified to be on average 39,000 kWh per annum, a significant part of which is used for cooling during the summer. These units are typically inhabited by 6 to 9 residents. Ten of these houses, which were distributed to their owners in 2013
and 2014, were chosen for the purpose of the pilot rooftop solar system project. The system is composed of 24 polycrystalline panels, with 72 cells each, for a total annual energy output of 12,500kWh, corresponding to roughly one third of the energy demand of the house. A study was initiated to measure the possible cooling effect of shading on housing rooftops, aiming at quantifying its possible impact on energy demand for cooling. Starting with the design initially proposed, we created several alternatives that increased the shading and analysed each, as summarized in Figure 1 . 
Method
We took two approaches to investigate the potential role of shading, a) numerical analysis via computer models, and measurements, albeit limited as described below We measured the solar gain through the slab for three summer days1, summarized in Table 1 and Figure 2 , and estimated the heat gain for the summer based on Fourier's law of thermal conduction. The transient heat transfer under direct sun light was estimated based on Equation 1. 
Results
Numerical modelling reveals that:
• The annual exposure of each house to solar energy is 493,000 kWh/Year;
• The rooftop solar area of 55m 2 roof of bedrooms is exposed to 57,642 kWh/Year;
• The smaller component of the main façade is exposed to 24,645 kWh/Year (when facing South);
• The highest density of insolation is on the roof.
An initial numerical analysis has shown a reduction of 58% on the annual cumulative insolation on the roof and south-facing facade when shaded by solar panels. An empirical experiment has shown that the shading of the roof alone could reduce the annual energy demand of the dwelling by 2 to 7%.
Based on the calculation of Equation 1, the heat transferred (Φ) per hour was 5040
W. According to our temperature measurements, the delta of the temperature remains or 50% of the energy when compared to the slab directly exposed to sunlight.
Considering a contemporary split air conditioning (AC) unit with a coefficient of performance (COP) of 4, the amount of energy saved on cooling as a consequence of shading the roof slab would be 680 kWh, or 1.74% of the annual energy consumption of the housing unit, which is 39,000 kWh. In a real scenario, where a significant proportion of the housing stock has older, less performant, AC units, the savings could be more substantial. For example, for a COP of 2, the savings would double, to 3.49%, while for a COP of 1, the savings would be of approximately 7%. As far as we are aware, the average COP of the housing stock is not known.
Limitations of the Study
This pilot study was conceived as an exploratory research to measure the potential of the role of shading buildings, considering the warm regional climate and type of construction. This work was necessary to assess the potential value of a thorough study of the topic versus the costs of the necessary setup. Therefore, it is not as thorough as it would be desirable for comprehensively documenting the effects studied.
Nonetheless, the results are encouraging, and we therefore decided to make them public via this regional presentation/publication.
Slab temperature was sampled for three days only, every two hours during daytime, rather than quasi-continuous readings for a year, or at least the summer period. The temperature was measured via handheld infrared pyrometer, rather than k-type thermocouples (physical sensors) embedded on the slab. The spatial sampling was done on three places, rather than a comprehensive grid of perhaps six to nine sensors. The measurements of outdoor temperature, humidity etc., were made with same infrared instrument, rather than taken continuously with meteorological station. There was no control for solar irradiance via pyranometer. Temperature measurements were only possible on roof slab, not on walls. The study focused on roof and south walls only, rather than eight cardinal directions for a reasonable estimation of temperature of any azimuth, which would be useful in terms of real-world application to any building orientation.
We did not account for the possible heat transfer through radiation between the warm panels and the roof slab as we could not measure the temperature on PVs on the same days. Nonetheless, since the panels are located just above the parapet at 1.2 to 2.0 m from the slab and there is natural ventilation, this effect is likely to be small or negligible.
Another, likely positive, aspect of rooftop shading is the effect that it has on the performance of the roof-mounted AC units. Such setup is likely to increase the performance of the AC and contribute to further energy savings, not quantified in this study.
Conclusion
This pilot study measured the effect of considering the positioning of roof PV panels to maximize shading in a common Bahraini typology of semi-detached social housing scheme. The results suggest that approximately 50% of the solar gain on the roof slab could be avoided with shading, and consequently the total annual energy demand of the building could be reduced by 1.7 to 7% (depending on the COP of the AC installed).
Irrespectively of the results reported, it is worth noting that this report should not be seen as an endorsement of using PVs to shade roofs. As discussed in the literature review, there are more efficient and cost-effective solutions for this. Our point here is simply that, if PVs are used, then their application could consider the maximization of shading the roof slab, in which case there is added value and therefore a lower LCOE, shorter pay back period and more favourable ROI.
Apart from the obvious advantageous decrease in reliance on fossil fuels, the ubiquitous use of PV in housing creates a spatially widespread production of energy, which could contribute to the resilience of the country's electrical supply in case of grid or power plant failure.
Future Research
Deepening the research on this topic within the climatic and building context of the region has the potential to significantly impact the energy dependence of buildings, veering the building industry and therefore contribute positively to the economy. Furthermore, advancements on the topic shall allow the local population to maintain high levels of thermal comfort while following industry standards [7] and a sustainable model of development.
Since the overall annual gain on the whole house is 493,000 kWh/Year, studies of other components of the building envelope uncover opportunities for further reduc- inversely, on the ambient temperature [10] . Heat causes a decrease in performance, which is a hindrance to the use of photovoltaics in the region, despite the abundance of solar radiation [11] . However, when used as the exterior layer of a double skin wall, the convection effect [12] , [13] created between the two layers could cool down the panels and reduce the heat-induced loss of performance. For a truly countrywide adoption of PVs in housing, it would be desirable to investigate the performance of shading, as well as energy production, in the main cardinal directions, as to create a solid reference that would result in accurate energy modelling and therefore increase the confidence of the public on such architectural solutions. The solution elevated façade system could also be studied to assess energy production levels and though convection might not take place, or be weaker than with the flat system, the distance from the wall might mean less overheating and therefore less performance losses. A comprehensive study would measure the implications of shading for comfort during the winter. While shading the buildings, the presence of dark PV panels is likely to concentrate heat and therefore might contribute to the heat island effect [2] , as opposed to an albedo roof. This effect should be considered on a future study. Future studies could also quantify the energy savings accrued from the likely increase in performance of AC due to the shading of roof-mounted units.
If the effect of shading is of interest, it can also be used through other components (and materials), rather than PVs. Less costly boards of reflective material could be as or more effective than PVs, for a fraction of the cost. Moreover, as noticed on the literature review, painting roofs with a reflective/white coat is an even simpler and cheaper solution that can have a positive impact on energy demand for cooling. A local study of such solutions and their performance could provide accurate information on ROI for each, which could give the general public the confidence necessary to choose the solution adequate to their own circumstances, and eventually generalize the use of heat mitigating strategies, contributing to a more sustainable built environment.
